Focused ion beam microscopes are extremely versatile and powerful instruments for materials research. These microscopes, when coupled in a system with a scanning electron microscope, offer the opportunity for novel sample imaging, sectioning, specimen preparation, threedimensional (3D) nano-to macroscale tomography, and high resolution rapid prototyping. The ability to characterize and create materials features in a site-specifi c manner at nanoscale resolution has provided key insights into many materials systems. The advent of novel instrumentation, such as new ion sources that encompass more and more of the periodic table, in situ test harnesses such as cryogenic sample holders for sensitive material analyses, novel detector confi gurations for 3D structural, chemical, and ion contrast characterization, and robust and versatile process automation capabilities, is an exciting development for many fi elds of materials research.
Introduction
The focused ion beam (FIB) microscope has been widely used for more than two decades, most signifi cantly in the semiconductor industry but also in various materials science and biomaterials fi elds. 1 It generally consists of an ion source, a series of electrostatic lenses to shape the beam, and a scan generator to guide the beam onto a sample with a moving stage. The collision cascade generated by the ion as it interacts with the sample causes sputtering and also generates secondary electrons (SEs) that are gathered by traditional SE detectors. While the contrast attributable to the ion beam is unique, making it sensitive, for example, to phase and grain orientation (see the article by Joy and Michael in this issue), the intuitive image that is formed by an FIB resembles that from a scanning electron microscope (SEM). In addition, the primary energetic ions are much more massive than energetic electrons, providing the ability to sputter material in a site-specifi c manner that is unique to the FIB. This ability to machine material in a controlled manner with sequential or simultaneous SEM imaging makes the dual platform FIB-SEM a very versatile analytical instrument.
The FIB was fi rst used in the late 1980s by the semiconductor industry for mask repair and circuit edit applications. 2 , 3 It achieved widespread use and applications development in the materials and biological sciences when it was coupled with an SEM column onto a dual platform instrument. An example of dual platform geometry is shown in Figure 1 . 4 In a typical dual platform instrument, an electron column is mounted vertically, and the ion column is mounted at an oblique angle ( ∼ 45° to 55° from the vertical). Column positions are reversed in some dual platform instruments. Figure 1a shows a traditional SEM imaging and energy dispersive x-ray spectrometry (EDS) analysis confi guration, while Figure 1b shows a typical FIB milling confi guration where the sample surface is normal to the incident ion beam. By placing the sample at a stage height where the electron beam and the ion beam coincide (as shown in Figure 1 beam traces), FIB processing and SEM characterization processes can be co-localized. In fact, this opened the door to site-specifi c characterization of materials using electron-induced characteristic x-rays, electron backscattered diffraction, and other electron generated signals that are not directly generated by the ion beam (although small but signifi cant numbers of characteristic x-rays are indeed generated 5 ). The most widespread application of the FIB-SEM, and one that hastened its rapid development and commercialization, is for creating site-specifi c scanning transmission electron microscopy (S/TEM) samples for conventional and higher resolution imaging. 6 -11 One of the fastest growing application areas for FIB-SEM in recent years is 3D imaging and materials analysis. Until recently, 3D imaging using FIB-SEM was mostly managed with alternating "mill and image" steps set in a repeated loop. The basic processing parameters such as analysis volume dimensions, number of slices, and imaging and milling beam conditions were specifi ed in the beginning of a run and kept constant. More sophisticated 3D materials analysis efforts were driven by individual research groups writing custom instrument control scripts to stitch together sequential milling, imaging, and analysis (x-ray energy dispersive spectrometry [XEDS] or electron backscatter diffraction [EBSD]) steps, 12 -14 sometimes requiring frequent manual interventions. However, these early studies demonstrated the 3D materials analysis potential of FIB-SEM and played a critical role in bringing about the robust and fl exible 3D analytical functionalities in current generation of FIB-SEM instruments. During the past few years, 3D FIB-SEM analysis has been applied to numerous disciplines ranging from fuel cell applications 15 -17 to geology 18 to life sciences. 19 Some explore the limits of 3D imaging resolution, while others foray into 3D analysis combined with in situ probing for dynamic materials property analysis. 20 The primary goal of this introductory article is to provide key concepts in FIB technology and instrumentation, and to supply suffi cient background information to support and frame the six articles in this issue. By providing useful context for the new FIB technologies and FIB-based characterization techniques, this article aims to bridge the gap between FIB methodologies and their implications for advances in materials science, engineering, and design.
Advances in ion sources
An extremely important development in the past several years is the advent of novel ion sources in commercial FIB instruments, based on a wide variety of technologies. Figure 2 shows the periodic table of the elements highlighting the wide variety of FIB ions that are available either commercially or in the research prototyping phase. 21 24 -27 Inductively coupled plasma (ICP) 28 , 29 sources can achieve a wide range of milling rates using ions from noble gases or other reactive gases. Liquid metal alloy ion sources (LMAISs) 30 -43 operate over a large extent of the periodic Liquid metal ion sources contain a reservoir that holds a metal source. 1 , 48 When heated to the liquid phase, the metal fl ows down a tip (e.g., tungsten needle tip). An extractor voltage is applied to the liquid at the tip that ionizes the droplet. The ions are then accelerated through a column at voltages from ∼ 500 V-50 kV and focused using electrostatic lenses. The beam current is selected using apertures and may range from ∼ 1 pA to tens of nA. The small virtual source of ∼ 5 nm provides for excellent nanometer to micrometer length scale FIB applications. In the case of alloy sources, multiple metals are mixed at their low temperature eutectic composition so that a liquid phase is easily attainable. After heating and extraction, a Wien mass fi lter is used to separate the different metals based on mass, charge state, and metal clustering. 1 , 49 LMAISs are very promising sources for many applications, including site-specifi c ion implantation 50 and nanoscale reactions. 42 After Wien fi ltering, the available ion current from an LMAIS is always somewhat less compared to an LMIS.
Ion sources, coupled with further advances in instrumentation, enable novel materials devices and design, with either deliberately non-reactive (noble gases) or reactive doping, at nanometer length scales. Ion sources may be further coupled with chemical gas precursors that enable beam-associated deposition and etching within the FIB to produce new lithographic geometries and unique materials. This will be described further in the direct-write lithography article by Ocola et al. in this issue. Figure 3 shows a graph of beam size versus beam current, which summarizes the source characteristics and optimal uses for a variety of FIB sources discussed in this issue. These data assume the same FIB column type is used for all sources. The GFIS (combined with low mass ions) yields a small virtual ion beam diameter that correlates with excellent imaging and nanoscale milling and deposition characteristics. The Ga + LMIS source is a workhorse source that provides good imaging as well as nano-and micro-milling and deposition characteristics. At larger beam currents, sources with a small virtual ion beam diameter (i.e., GFIS and LMIS) suffer from spherical aberration effects that limit their usefulness for some micro-and macromilling and deposition. The ICP (and electron impact 51 , 52 ) sources offer smaller beam sizes at larger ion currents (i.e., better current density) compared to GFIS and LMIS and excel in the macro-length scale. The range of ions/sources commercially available enables milling and imaging at length scales over several orders of magnitude (1 nm to 1 mm).
Ion-solid interactions
To achieve the potential of FIB microscopy, a more thorough understanding of ion-solid interactions is necessary. Ion-solid interactions govern sputtering, redeposition, ion-induced deposition, image resolution, and contrast mechanisms. 53 The most common ions that are used in commercial FIB instruments are, in order of increasing mass, He + , Ne + , Ar + , Ga + , and Xe + . The stopping and range of ions in matter (SRIM) 54 -56 Monte Carlo simulations of ion trajectories and collision cascades of each of these 30 keV ions impinging into Si at normal (0°) incident angle are shown in Figure 4 . At 30 keV, electronic stopping dominates the light mass ions (particularly He + ), while nuclear stopping dominates the heavy mass ions. Thus, as seen in Figure 4 , the ion range decreases, and the sputter yield increases with an increase in ion mass. He + is unique in that the electronic stopping regime dominates, particularly at the surface, enabling the He + ions to penetrate Si without much lateral surface straggle and resulting in a sputter yield <<1 close to the surface. The lack of He + lateral surface straggle plus the small virtual source contribute to the excellent imaging, nanomilling (particularly for thin fi lms), and nanodeposition resolution. 57 , 58 As He + progresses through the target, it loses energy, and the nuclear stopping regime dominates, creating more target recoils and far greater ion straggle far below the surface. Note that the He + ion lateral straggle is far greater than either of the heavier ions shown. As a result, damage via He + ion implantation in bulk materials is dose dependent (and therefore cumulative) and proportional to the distribution of ions below the target surface. 59 , 60 Reducing surface damage for specimen preparation Energetically implanted ions, as described in the collision cascade outlined in Figure 3 , leave a damaged zone under the target area that can alter the chemistry, structure, and mechanical, optical, and electronic properties of a material. Reducing ion implantation damage (and/or in the extreme case amorphization) is important in the sample preparation for quantitative high resolution S/TEM, 61 , 62 atom probe tomography, 63 , 64 EBSD, 65 , 66 and other techniques where surface quality is critical. The technique of reducing surface damage via low energy ion polishing is governed by ion-solid interaction physics, as explained later.
67 , 68 Figure 5 shows the longitudinal ion range into Si at 85° incident (glancing) angle as a function of ion energy for He, Ne, Ar, Ga, and Xe. Note, by convention, incident angle is defi ned as the angle between the surface normal and the direction of the incoming ion beam. As illustrated, the ion range decreases with a decrease in energy for each ion species. In addition, the heavier the ion mass, the closer to the surface it is stopped, resulting in less surface damage to the target. However, the rate of decrease in ion range increases nonlinearly as the ion energy decreases, particularly for heavy ions such as Ne + , Ar + , Ga + , and Xe + , and the difference in ion ranges between ion types becomes negligible at low ion energies. This implies that reducing the ion energy is more important than choosing a particular ion type to limit implantation damage. Using He + ions to reduce surface damage is still debatable since at low energy, (1) the range is still fairly large and (2) the sputter yield is <<1, resulting in many more ions being implanted than particles being sputtered. Figure 6 shows a graph of longitudinal ion range as a function of incident angle for Ga + into Si at 30 keV, 5 keV, and 1 keV.
Note that the ion range decreases with an increase in incident angle. This behavior is similar for other ion types. However, the infl uence of incident angle on the ion range decreases as the ion energy decreases. In particular, there is very little change in ion range with varying incident angle for 1 keV ions. Thus, there is much fl exibility in the choice of the incident angle for low energy polishing. It is diffi cult to form tightly focused low energy ion probes due to chromatic aberrations. Therefore, low energy ion polishing techniques generally rely on FIB imaging of the surface of interest at <10° (e.g., 80° to 89° incident angle) with contrast conditions that are just "good enough" to position the low energy ions onto the surface of interest. Note that limiting the low energy ions to just the surface of interest reduces the chance for redeposition artifacts. Indeed, low energy Ga + , Ar + , and Xe + ions have all been shown to reduce surface damage in specimens. 69 -78 Another important consideration, particularly in the FIB modifi cation and preparation of biological and polymeric samples, is the generation and management of heat and radiolysis (or broken bonds in the sample due to inelastic collisions by 55 The vertical full scale = 500 nm. ions or ion-generated secondary electrons with the sample) during milling operations. Excessive heat can lead to phase and chemical changes and mechanical weakening during milling. Mitigation strategies include the use of low beam currents, 79 changes in beam overlap during milling, 80 and use of mechanically supportive frames to maintain mechanical rigidity. 81 It was also shown that electron beam imaging during preparation of soft materials may chemically modify the structures.
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Applications
Recent advances in S/TEM specimen preparation
The basics of FIB specimen preparation methods for S/TEM analysis are fairly mature and have been described in detail elsewhere and are illustrative of the power of the FIB-SEM. 82 -85 These basic techniques have also been used for site-specifi c specimen preparation for surface science studies, atom probe tomography, and other analytical instruments. 63 , 86 A site of interest is identifi ed and protected using deposition and the imaging capabilities of either the FIB and/or the SEM. (There are numerous other protective cap layers that can be used prior to insertion in the FIB-SEM.) The FIB is used to incrementally mill away all but the region of interest by stepping through smaller and smaller beam currents (i.e., beam diameters) as the region of interest is approached. These same techniques have been used to create electron transparent specimens using a Xe + ICP FIB. 69 For conventional S/TEM, the specimen can be milled to electron transparency ( ∼ 100 nm to 500 nm) using the fi ne probes available with high energy (e.g., 30 keV) ions. When thinner specimens are needed for high resolution S/TEM or when surface damage must be minimized, the specimen is FIB milled to a thickness of ∼ 200 nm to 1 μ m using a high energy beam and then further ion milled in one or more lower ion energy settings (typically 5 keV and 2 keV). Low energy milling simultaneously thins the specimen and reduces the ion implantation/amorphization damage with each energy step. Understanding the ion-solid interactions described previously is critical for developing suitable specimens for analysis by aberration-corrected S/TEM and to achieve atomic resolution imaging, XEDS, and electron energy loss spectroscopy (EELS) fi ne structure.
FIB specimen preparation methods may be broadly categorized as either lift-out or non-lift-out types. In non-lift-out types, the region of interest is pre-thinned by any number of techniques (e.g., tripod polishing, small angle cleavage technique) and then adhered to a suitable grid or carrier for subsequent FIB milling followed by S/TEM. 9 , 87 -92 While this negates the need for a lift-out probe and generally reduces FIB time required for fi nal milling, more time is spent up front on initial sample preparation. The lift-out methods, described in detail elsewhere, 93 , 94 may be generally referred to as either ex situ lift-out (EXLO) or in situ lift-out (INLO), depending on whether manipulation of the site of interest to a suitable grid or carrier is performed outside ( ex situ ) or inside ( in situ ) the FIB instrument.
Conventional EXLO and manipulation to a carbon coated grid (as shown in Figure 7 a) is a well-known method for its ease, speed, and reproducibility. 93 EXLO is also appropriate where manipulation of an electron transparent specimen to an S/TEM microelectromechanical system carrier device is required (as shown in Figure 7b ), since this avoids the FIB imaging and potential ion implantation damage that can occur to the specimen during INLO. Recent advances in EXLO include a new grid design and method that negates the need for a carbon fi lm and allows for further FIB milling or other processing after lift-out. 95 -97 An electron transparent or thicker specimen is lifted out and manipulated to a slotted S/TEM grid surface such that the specimen may be directly analyzed and/or FIB milled or processed as shown in Figure 7c . Thick specimens can be easily and directly manipulated into a backside orientation, and when further FIB-milled, curtaining artifacts are reduced or eliminated. 95 EXLO is a fl exible, fast, and a reproducible technique that can save labor and FIB instrumentation time, ultimately reducing the cost per specimen.
Another advance in S/TEM sample preparation is the "X" or "X2" method, which yields large thin areas by FIB milling each side of the specimen from two different angles, resulting in a projected shape of the letter "X."
98 - 100 The intersection of each FIB cross cut in the center of the projected "X" yields the thinnest region of the specimen and is supported on all sides by the surrounding thicker portion of the specimen. For soft or hydrated materials TEM specimen preparation, several novel cryogenic specimen preparation techniques have been developed, 101 -103 often accompanied with methods to ensure mechanical stability of the thinned specimen. Since prolonged exposure to electron beams can modify the chemical structure of a soft material specimen, 79 -81 efforts should be made to minimize electron (as well as ion) beam exposure during thinning.
Direct-write lithography
FIBs can sculpt materials over a wide range of length scales (e.g., nm to tens of μ m), hence FIB instruments are ideal for rapid-prototyping applications. They are useful for applications such as circuit-edit in high aspect ratio vias, 104 development of photonic, 105 plasmonic, 106 and microfl uidic 107 structures, and for providing site-specifi c implanted seeds for growth of quantum dots. 108 Their use spans from milling ribbons in graphene 24 up to fabrication of large-scale Fresnel zone plates. 109 The recent incorporation of excimer lasers into FIB-SEM systems offers the possibility of material removal and patterning on yet larger length scales. 110 The FIB can also perform single pass 3D subtractive lithography. When coupled with precursor gases, high-aspect ratio trenches (e.g., 20:1) and complex graded-depth structures are possible. 3D capability at this resolution is currently not duplicated by electron-beam lithography or optical lithography, whose resolution is diffraction limited.
With the continual development of beam-dissociated metal-organic precursors, FIB is capable of fabricating metallic and insulator structures (as opposed to two-photon polymerization 111 ) in an additive fashion as well. While the speed of this fabrication is not as high as laser chemical vapor deposition for large-scale circuit repair, FIB certainly has a niche for prototyping novel experimental structures that are unobtainable through other methods and can later be scaled using other techniques. Since FIB lithography is a serial process, the slow writing speed limits its use in large-scale manufacturing, although there have been strong efforts in developing multibeam lithography systems using ion projection through apertures.
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3D analysis
The basic approach to 3D FIB-SEM analysis is simple. For an excellent overview of this analysis process, Cantoni and Holzer's review of FIB tomography is recommended. 113 Briefl y, once a volume of interest (VOI) has been identifi ed, a protective layer (e.g., most commonly of Pt or C) is ion deposited on the top surface of the VOI to smooth out the surface roughness and/or to protect the VOI from ion beam damage. Material surrounding the VOI is then removed to minimize obstruction due to the redeposition of the sputtered material. For freestanding features or particles, this removal step is obviously not needed, although for brittle or highly porous material, encasing the particles in a Pt or C layer can provide structural support. Once the VOI is prepared, the initial analysis surface is imaged and/or analyzed using appropriate analytical techniques such as XEDS or EBSD 4 , 114 -116 (see the article by Kotula et al. in this issue for further details). Another layer of material is then removed from the analysis surface, and the labile surface is imaged and analyzed again. This mill-image-analyze process is repeated until the VOI is exhausted or the available FIB time runs out.
Some of the main challenges for 3D FIB-SEM analysis can be broadly categorized into the following areas:
• Hardware limitations such as beam stability and detector performances.
• Software limitations such as availability of robust and fl exible automated control software.
• Work-fl ow issues such as sample preparation, VOI identifi cation, and use of correlative techniques.
• Data processing and interpretation challenges. As discussed in Cantoni and Holzer's article in this issue, recent advances in FIB and SEM columns as well as imaging detector technology have addressed many of the earlier hardware and software related challenges, vastly improving the quality of 3D FIB-SEM datasets obtained today when compared to what was possible just a few years previously. Simultaneous or sequential milling and imaging approaches using smart acquisition algorithms can signifi cantly reduce the overall data acquisition time, while the use of multiple detectors or detector modes can reduce some of the problematic data interpretation challenges. 117 Narayan et al. recently presented 3D correlative FIB analysis of HIV infected cells where they applied a multi-resolution imaging strategy to capture relevant details (HIV cores) at a very high resolution (3 nm × 3 nm × 3 nm voxel), while contextual information (cellular structures) was captured at lower resolutions. 118 Effective use of correlative techniques has enabled precise localization of VOIs, as demonstrated by Narayan et al. 118 and Maco et al. 119 Another challenging aspect of 3D analysis is striking the optimal balance between mutually confl icting experimental conditions needed for milling, imaging, and spectral analysis without introducing artifacts or damage. 3D analysis is increasingly being applied to biological and "soft"' polymeric materials. 120 -124 For these materials, prolonged exposure to the electron beam can cause signifi cant artifacts. 4 , 79 -81 Additionally, most analytical methods require high energy and high current electron beam conditions for adequate signal-to-noise acquisition and analysis. However, the electron range and subsequent signals generated from electron beam-solid interactions is inversely proportional to the atomic number (Z) of the constituent elements. Thus, signals generated from distances larger than an FIB milled slice can result in unexpected imaging artifacts, especially when combined with 3D FIB tomography. 125 Even with recent advances in detector technologies, 126 -129 an incident beam energy of 5 keV to 20 keV is preferred for analytical measurements, while 1 keV to 2 keV is preferred for imaging soft materials. Although high solid angle detectors or multi-detector confi gurations can help with the signal-to-noise problem, many of these solutions do not work well with existing mill and image approaches. Advances in beam deceleration or stage biasing can further improve imaging conditions by providing high brightness while reducing sample damage and enhancing surface sensitivity. 130 -133 Current challenges and future directions for 3D analysis With the increased use of nanomaterials in many application areas, the ability to analyze and characterize materials and systems at the nanoscale has become critical. However, to understand how the nanomaterials and nanoscale features affect bulk material properties, macro-to micro-to nanoscale correlative material information is essential. The simplest solution would be a brute force approach, where the highest resolution information is collected from the entire material volume of interest. This method is obviously not very scalable. One possible approach is multi-resolution analysis similar to that presented by Narayan et al. 118 In this case, a priori knowledge of the HIV core locations obtained from fl uorescence imaging was used to specify areas of high resolution imaging. However, borrowing from the remote sensing and machine vision communities, 134 -136 some form of active or adaptive multi-resolution image acquisition strategy could also be devised, enabling real-time determination of required imaging conditions based on the information content of the most recent image frames. Such dynamic, datadriven experimental control approaches could simultaneously accommodate large volume, high resolution (where needed), and rapid analysis requirements. Another intriguing option is the use of compressive sensing for FIB-SEM imaging and analysis. Compressive sensing is a new and novel approach where incomplete sampling under certain circumstances can be used to accurately recover the full dataset. 137 -140 Application of the compressive sensing method is most active in the medical imaging fi eld, 141 , 142 although it has also been successfully applied to STEM tomography. 143 As the demand for high resolution, high content imaging increases, the cost and challenges of acquiring, storing, processing, and analyzing today's very large 3D imaging datasets are increasing even more rapidly. The most interesting and informative datasets are often left uncollected, unprocessed, and unexamined because there is not suffi cient time or resources. We expect that effective use of novel computational and data informatics methods will become a critical component of 3D FIB-SEM analysis.
In situ analysis
Site-specifi c materials modifi cation capability of the FIB-SEM has enabled a plethora of interesting in situ experiments for materials characterization. FIB-SEM has been coupled with a variety of analytical and materials processing techniques in recent years. Examples include cathodoluminescence, 144 , 145 secondary ion mass spectrometry, 146 , 147 and laser ablation. 148 Many custom stages and sample holders have also been developed for electronic, mechanical, and chemical characterization. 149 -153 Antoniou et al.'s article in this issue presents several of these novel in situ FIB analysis techniques.
In this issue
The articles in this issue discuss aspects of FIB technology and applications that have been evolving very rapidly. The article by Smith et al. discusses recent advances in ion sources beyond the standard Ga + ion source. The GFIS and ICPSbased FIB instrumentation has matured and complements the performance envelope of LMIS FIBs. Exciting new source technologies such as LoTIS are also emerging with promises of interesting imaging and material modifi cation options. The article by Ocola et al. discusses direct-write nanofabrication in all three dimensions using advanced beam control capabilities, novel high-resolution sources, and novel etch chemistries. The article by Joy and Michael provides insights into ion-induced secondary electron image interpretation, including materials and channeling contrast. High-resolution dynamic monitoring coupled with custom probing enables novel in situ characterization approaches, and Antoniou et al. present several examples in their article. 3D characterization capabilities have improved vastly since the last reviews of FIB technology, including in MRS Bulletin . 114 , 115 Two articles in this issue are dedicated to an increasingly important application of 3D FIB-SEM. The one by Cantoni and Holzer presents techniques and experimental conditions required for acquiring 3D FIB-SEM datasets, while the article by Kotula et al. discusses hyperspectral image data processing and quantifi cation strategies of 3D FIB-SEM datasets. This issue of MRS Bulletin is intended to inform readers about the state of the art of FIB technology and its applications in materials research, and it provides insights into the future potential for materials characterization and processing using FIBs.
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